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INTRODUCTION 

Severa l  p rocesses  have been developed f o r  conver t ing  c o a l s  t o  l i q u i d  
f u e l s .  In order  t o  produce a pumpable, environmental ly  a c c e p t a b l e  f u e l ,  
i t  i s  necessary t o  understand how t h e  p r o p e r t i e s  of t h e  feed  c o a l s  a f f e c t  
the  composition of t h e  r e s u l t i n g  l i q u i d  products  -- e s p e c i a l l y  t h e  v iscos-  
i t y  and s u l f u r  conten t .  I t  has  been shown, f o r  example, t h a t  t h e  pe t ro-  
graphic  (maceral)  composition of t h e  feeds tock  p l a y s  a s i g n i f i c a n t  r o l e  
i n  coa l  conversion processes.‘-’ 
not been as c l e a r l y  def ined  or  a s  e x t e n s i v e l y  s t u d i e d .  

The r o l e  of minera l  m a t t e r ,  however, has  

Mukherjee and Chowdhury showed t h a t  t h e  e x t e n t  of convers ion  t o  l i q u i d  
products  increased  wi th  both  ash conten t  and wi th  t h e  c o n c e n t r a t i o n  of i ron  
and t i t a n i u w 3  Iron, as contained i n  t h e  r e s i d u e s  from c o a l  l i q u e f a c t i o n  
experiments ,  has  been shown t o  i n c r e a s e  t h e  hydrogen t r a n s f e r  c a p a c i t y  of 
anthracene It was found t h a t  p y r i t e ,  and s o l i d s  from t h e  SRC 
(Solvent Refined Coal) process  had a s i g n i f i c a n t  e f f e c t  on t h e  hydrogena- 
t i o n  of c r e o s o t e  o i l ,  and t h a t  c o a l  a s h ,  reduced i r o n  and SRC s o l i d s  
exhib i ted  a cons iderable  a c t i v i t y  f o r  d e s u l f u r i z a t i o n .  In t h a t  same s tudy,  
i t  was shown t h a t  t h e  conversion of a Kentucky No. 9 / 1 4  c o a l  t o  c reso l -  
so lubles  was dependent upon minera l  conten t .  

I t  i s  c l e a r  from the  publ ished d a t a  t h a t  c o a l  m i n e r a l s  may p lay  a 
s i g n i f i c a n t  r o l e  i n  l i q u e f a c t i o n  processes .  It  i s ,  t h e r e f o r e ,  important  
t o  e s t a b l i s h  p r e d i c t i v e  c o r r e l a t i o n s  between mineral  c o n t e n t  and l i q u i d  
product composition. Our s t u d i e s  on mat te r  e f f e c t s  i n  c o a l  hydrol iquefac-  
t i o n  have been d i r e c t e d  toward t h i s  o b j e c t i v e .  We u t i l i z e d  ba tch  au toc lave  
experiments, under c l o s e l y  c o n t r o l l e d  condi t ions  of temperature ,  hea t ing  
r a t e ,  p r e s s u r e  and r e s i d e n c e  t i m e ,  t o  e v a l u a t e  t h e  r e a c t i v i t i e s  of s e v e r a l  
coa ls  having s i m i l a r  pe t rographic  composition b u t  widely vary ing  mineral  
content .  This  paper w i l l  p r e s e n t  t h e  au toc lave  screening  d a t a  t h a t  have 
been obtained i n  t h e  f i r s t  phase of our  program. We w i l l  r e l a t e  v i s c o s i t y ,  
s u l f u r  conten t  and conversion t o  the  minera l  conten t  of t h e  feed c o a l s .  ’ 

* T h i s  work supported by the  U.S. Energy Research and Development 
Adminis t ra t ion 

183 



EXPERIMENTAL 

The c o a l s  used i n  t h e  au toc lave  screening  s t u d i e s  a r e  l i s t e d  i n  Table 
1. They were pulver ized  t o  minus 100 mesh and s t o r e d  under argon i n  poly- 
e thylene  c o n t a i n e r s .  Each sample w a s  thoroughly homogenized p r i o r  t o  use. 
Proximate, u l t i m a t e  and s u l f u r  forms a n a l y s e s  are given i n  Table 2, and 
t h e  pe t rographic  (maceral)  composition of each sample i s  shown i n  Table 3. 
A l l  of t h e  c o a l s  used i n  t h i s  s tudy  were h igh  v o l a t i l e  bi tuminous,  wi th  
widely vary ing  s u l f u r  and a s h  conten ts .  
(%OX) v i t r i n i t e  c o n t e n t s  and were r e l a t i v e l y  low i n  f u s i n i t e  and micrin- 
i te.  It was f e l t  t h a t  t h e s e  c o a l s  would provide a va luable  test  mat r ix  
f o r  s tudying  minera l  matter e f f e c t s  because they were a l l  of similar rank, 
geologica l  o r i g i n  and pe t rographic  composi t ion,  but  var ied  cons iderably  
i n  ash conten t .  

Most of  the  samples had high 

Mineral  m a t t e r  conten t  was determined by x-ray d i f f r a c t i o n  a n a l y s i s  
The samples were prepared by ash ing  t h e  coa ls  of low tempera ture  ash.6-7 

a t  a low tempera ture  (<lOO°C) i n  a radiofrequency f i e l d ,  us ing  a Tracer lab  
Low Temperature Asher (LTA 600). The RF power w a s  200-250 w a t t s ,  t h e  oxygen 
flow r a t e  60-80 cm3/min and t h e  t o t a l  ash ing  t i m e  48-96 hours .  C a l i b r a t i o n  
curves f o r  t h e  q u a n t i t a t i v e  a n a l y s i s  of  q u a r t z ,  c a l c i t e  and p y r i t e  were pre- 
pared, us ing  n i c k e l  o x i d e  a s  an i n t e r n a l  s tandard .  The c l a y s  were analyzed 
by using t a l c  a s  an i n t e r n a l  s tandard .  K a o l i n i t e  was d i s t i n g u i s h e d  from the 
mixed l a y e r  c l a y s  by expanding t h e  b a s a l  l a y e r s  of t h e  l a t t e r  wi th  e thylene  
glycol .  R e s u l t s  of t h e s e  ana lyses  a r e  given i n  Table 4 a s  a weight percent  
of the  c o a l  on  a dry  b a s i s .  Also included in t h i s  t a b l e  f o r  comparison, 
a r e  va lues  f o r  p y r i t e  t h a t  were computed from t h e  p y r i t i c  s u l f u r  conten t  
shown i n  Table 2. 

The s o l v e n t  ( v e h i c l e )  used f o r  t h e  l i q u e f a c t i o n  runs  i n  t h i s  s tudy 
was c r e o s o t e  o i l  (No. 4 c u t ) ,  which w a s  ob ta ined  from t h e  R e i l l y  Tar and 
Chemical Co. T h i s  o i l  had a s p e c i f i c  g r a v i t y  of  1 . 1 2  and a b o i l i n g  range 
of 270-400OC. 

A l l  of t h e  experiments  were c a r r i e d  o u t  i n  a o n e - l i t e r  (Autoclave 
Engineers, Inc . )  magne-drive au toc lave ,  equipped wi th  a t u r b i n e  a g i t a t o r .  
A s t a i n l e s s  s tee l  l i n e r ,  wi th  an e f f e c t i v e  working volume of  approximately 
0.7 l i ter ,  w a s  used i n  order  to  f a c i l i t a t e  loading  and unloading,  and t o  
improve t h e  m a t e r i a l  a c c o u n t a b i l i t y .  The i n s i d e  sur face  of t h i s  l i n e r  was 
cleaned by bead-b las t ing  a f t e r  each run.  
and c o n t r o l l e d  by d u a l  chromel-alumel thermocouples; t h e  p r e s s u r e  was 
monitored wi th  a 0-5000 p s i g  t ransducer .  The temperature  and p r e s s u r e  
were recorded cont inuous ly .  

The temperature  w a s  monitored 

I n  a t y p i c a l  experiment ,  t h e  au toc lave  (wi th  s t e e l  l i n e r  i n  p lace)  

The system was purged wi th  i n e r t  
was charged w i t h  50.0 g ( d a f  b a s i s )  of c o a l  and 115.0 g of c r e o s o t e  o i l ,  
and the  mixture  was s t i r r e d  a t  500 rpm. 
gas and l e a k  t e s t e d  a t  2000 ps ig .  The system w a s  then purged wi th  hydrogen, 
charged t o  t h e  d e s i r e d  i n i t i a l  (co ld)  p r e s s u r e ,  which was c o n t r o l l e d  t o  f 2  
p s i g ,  and l e a k  t e s t e d  aga in .  The au toc lave  conten ts  were hea ted  t o  the  
des i red  o p e r a t i n g  temperature  (nominal ly  43OoC) over a per iod of  approxi- 
mately one hour. The temperature  dur ing  t h e  (30 min.) run was manually 
c o n t r o l l e d  t o  23OC. No a d d i t i o n a l  hydrogen was added during t h e  run,  and 
t h e  p r e s s u r e  dropped g r a d u a l l y  as the hydrogen w a s  consumed. A t  the  end 
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1 Table 1 

Coals Used i n  t he  Autoclave Screening Study 

Sample No. S t a t e  Seam Mine 

~ 9 8 -  76 Kentucky No. 11 Fies  

(88-64 Kentucky No. 11 Homestead 

~ 9 8 -  54 West V i r g i n i a  P i t t s b u r g h  I r e l a n d  

G98- 57 I l l i n o i s  NO. 6 Or ien t  4 

~98- 82 Pennsylvania P i t t s b u r g h  Brucet on 

G98- 71 Kentucky Elkhorn No. 3 Guaranty 
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Table 2 

Analyses of Coals Used i n  t h e  Autoclave Screening Studya 

Kentucky Kentucky Kentucky 
No. 11 No. 11 West I l l i n o i s  Pennsyl- Elkhorn 
(F ie s )  (Homestead) Virginia No. 6 vania No. 3 

Proximate Analysis 

Vola t i le  Matter 39.01 39.24 41.32 36.69 38.11 36.83 

Ash 17.19 12.89 9.95 10.71 3.70 4.36 
Fixed Carbon 43.80 47.87 48.73 52.60 58.19 58.81 

Ultimate Analysis 

Carbon 64.77 68.80 72.64 71.48 81.71 80.36 

Nitrogen 1.24 1.43 1.27 1.45 1.64 1.88 
Hydrogen 4.65 4.78 5.19 4.89 5.35 5.45 

S u l f u r  6.11 4.88 4.44 3.00 1.05 0.78 
Oxygen (difference) 5.95 7.22 6.45 8.47 6.49 7.17 
Ash 17.19 12.89 9.95 10.71 3.70 4.36 

Sulfur Forms 

P y r i t i c  3.68 2.41 1.48 1.27 0.30 0.08 
Sulfa te  0.11 0.11 0.41 0.09 0.02 0.00 

Tot a 1  6.11 4.88 4.44 3.00 1.05 0.78 
Organic 2.32 2.36 2.55 1.64 0.73 0.70 

a 
A l l  data a re  on a dry bas i s .  
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Of t h e  experiment t h e  furnace  w a s  lowered. 
the c o n t e n t s  of t h e  au toc lave  were allowed t o  c o o l  to  room temperature  
Overnight. The overhead gases  were s lowly vented through two c a u s t i c  
Scrubbers ,  and t h e  system was purged with i n e r t  gas .  The r e a c t i o n  
products  were removed and weighed. A summary of t h e  o p e r a t i n g  c o n d i t i o n s  
used i n  a l l  of  t h e  au toc lave  screening  experiments  i s  g iven  i n  Table 5. 

S t i r r i n g  w a s  cont inued ,  and 

The l i q u i d  product  from each run was f i l t e r e d  hot  (60-1OO0C) under 
n i t rogen  (80-120 p s i g ) ,  us ing  a jacke ted  ( b r a s s )  p r e s s u r e  f i l t e r .  I n  
some cases ,  due  t o  t h e  h igh  v i s c o s i t y  of t h e  l i q u i d  o r  t h e  g e l a t i n o u s  con- 
s i s t e n c y  of t h e  r e s i d u e ,  i t  was not  p o s s i b l e  t o  f i l t e r  t h e  product .  In 
these  s i t u a t i o n s ,  c e n t r i f u g a t i o n  (40 min a t  2500 rpm) was used t o  accom- 
p l i s h  s o l i d s  s e p a r a t i o n ,  but  t h i s  w a s  no t  a s  e f f e c t i v e  f o r  ash  removal a s  
was f i l t r a t i o n .  

The f i l t e r  cake ( r e s i d u e ) ,  c o n s i s t i n g  of  unreacted c o a l  and minera l  
mat te r ,  w a s  washed s e v e r a l  t i m e s  wi th  acetone.  I t  was then d r i e d  over- 
n i g h t  i n  a vacuum oven a t  105OC. 
ing powder, w a s  ashed a t  775OC. 
on a dry ,  ash- f ree  (daf )  b a s i s ,  was then c a l c u l a t e d  by means of  a forced  
ash  balance. '  

The r e s u l t i n g  d r y  r e s i d u e ,  a f r e e l y  flow- 
The e x t e n t  of conversion t o  l i q u i d  products ,  

The v i s c o s i t y  of t h e  f i l t e r e d  l i q u i d  product  was measured a t  6OoC 
with a Brookfield viscometer  t h a t  was equipped wi th  a s m a l l  sample adapter .  
The es t imated  p r e c i s i o n ,  based on r e p l i c a t e  measurements on c e r t i f i e d  
s tandards ,  w a s  ?5%. 

The s u l f u r  conten t  of  t h e  f i l t e r e d  l i q u i d  product  was obta ined  wi th  
a Leco au tomat ic  s u l f u r  a n a l y z e r ,  u s i n g  a combustion iodometr ic  procedure.  
Repl ica te  ana lyses  w e r e  c a r r i e d  out  on samples whose s u l f u r  c o n t e n t s  had 
been independent ly  determined by t h e  s tandard  Eschka method (ASTM D271-70). 
The Leco r e s u l t s  w e r e  w i t h i n  f0.05% (absolu te)  of t h e  Eschka d a t a .  

RESULTS AND DISCUSSION 

The d a t a  from t h e  au toc lave  screening  experiments  a r e  shown i n  Table  
6. A l l  of t h e  l i q u i d  products  were f i l t e r a b l e  except  f o r  t h e  one obta ined  
from t h e  Kentucky Elkhorn c o a l ,  i n  which c a s e  c e n t r i f u g a t i o n  w a s  r e q u i r e d  
f o r  s o l i d s  s e p a r a t i o n .  The v i s c o s i t i e s  of t h e  l i q u i d  products  v a r i e d  by 
more than a n  order  of magnitude. 
appeared t o  c o r r e l a t e  w e l l  wi th  t h e  marked d e c r e a s e s  i n  t h e  minera l  conten t  
of t h e  feed c o a l s  (Table  6). Since  t h e  c o a l s  had s i m i l a r  maceral  composi- 
t i o n s  (Table 3) and a l l  au toc lave  runs were c a r r i e d  out  under c l o s e l y  con- 
t r o l l e d  condi t ions ,  i t  may be concluded t h a t  t h e  v a r i a t i o n s  i n  product  
v i s c o s i t y  were t h e  r e s u l t  of a minera l  mat te r  e f f e c t .  Thus, changes i n  
mineral  composition had a s u b s t a n t i a l  e f f e c t  on t h e  q u a l i t y  (e .g . ,  pump- 
a b i l i t y )  of t h e  r e s u l t i n g  l i q u i d  product  .* 

The observed i n c r e a s e s  i n  v i s c o s i t y  

*Anci l lary experiments  have shown that  t h e  product  v i s c o s i t y  w a s  s t r o n g l y  
dependent upon t h e  preasphal tene  ( p y r i d i n e  soluble-benzene i n s o l u b l e )  
c o n t e n t , g  which, i n  tu rn ,  w a s  r e l a t e d  t o  t h e  minera l  conten t  of t h e  feed  
coa ls .  
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Table 5 

Condit ions Used i n  t h e  Autoclave Screening Experiments 

Coal charge 

Solvent ( c r e o s o t e  o i l )  charge 

Coal p a r t i c l e  s i z e  

I n i t i a l  ( c o l d )  p r e s s u r e  

Heatup time 

Temperature (nominal)  

Reaction t ime  (nominal)  

Mixing speed 

50.0 g (daf  b a s i s )  

115.0 g 

through 100 mesh 

1000 p s i g  H2 

60 min 

430°C 

30 min 

500 rpm 
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It may be  assumed t h a t  t h e  s u l f u r  i n  the  l i q u i d  product  was primar- 
i l y  organic  s u l f u r ,  s i n c e  t h e  inorganic  forms ( p y r i t i c  and s u l f a t e )  were 
concentrated i n  t h e  i n s o l u b l e  r e s i d u e s .  From t h e  d a t a  shown i n  Table  6 ,  
i t  can  be seen t h a t  t h e  l i q u i d s  wi th  t h e  lowest  s u l f u r  c o n t e n t s  were 
obtained from t h e  c o a l s  t h a t  had t h e  lowest  organic  s u l f u r  c o n t e n t s .  The  
f r a c t i o n a l  d e c r e a s e  i n  organic  s u l f u r ,  however, w a s  h i g h e s t  f o r  t h e  
Kentucky No.  11, West V i r g i n i a  and I l l i n o i s  No. 6 c o a l s .  Thus, t h e  c o a l s  
with t h e  h i g h e s t  minera l  c o n t e n t s  appeared t o  be t h e  most r e a c t i v e  ones 
with r e s p e c t  t o  organic  s u l f u r  removal. This  observa t ion  i s  i n  agreement 
with t h e  work r e p o r t e d  by T a r r e r ,  et&., 
coal  minera ls  c a t a l y z e d  the  hydrodesul fur iza t ion  of c r e o s o t e  o i l .  Our 
d a t a  (Table 6) would suggest  t h a t  p y r i t e  could have been a c t i v e  i n  t h i s  
r e s p e c t ,  bu t  o t h e r  work has  shown t h a t  p y r i t e  may not  be  a c t i v e  f o r  
d e s u l f u r i z a t i o n .  ' l o  Fur ther  experimental  work w i l l  be  requi red  t o  es tab-  
l i s h  t h e s e  i d e a s  i n  a more q u a n t i t a t i v e  manner. 

where i t  was shown t h a t  c e r t a i n  

The p e r c e n t  conversion to  l i q u i d  products  were, wi th  t h e  except ion 
of t h e  Kentucky Elkhorn c o a l ,  f a i r l y  h igh  (Table 6) .  S ince  c o a l  d i sso lu-  
t i o n  is very  r a p i d  under the  c o n d i t i o n s  of temperature ,  p r e s s u r e  and 
res idence  t i m e  used i n  t h i s  s tudy , '  and s i n c e  h i g h - v i t r i n i t e  c o a l s  a r e  
r e a c t i v e  i n  l i q u e f a c t i o n  processes , '  i t  is not  s u r p r i s i n g  t h a t  t h e  conver- 
s i o n s  were h igh .  The somewhat g r e a t e r  conversion f o r  t h e  Kentucky No. 11 
coals  could have been a r e s u l t  of t h e  increased  minera l  c o n t e n t ,  b u t  it i s  
not  c l e a r  t h a t  t h e  observed d i f f e r e n c e s  were s t a t i s t i c a l l y  s i g n i f i c a n t .  
The extremely low r e a c t i v i t y  of t h e  Elkhorn c o a l ,  however, w a s  probably 
due t o  t h e  cons iderably  lower v i t r i n i t e  conten t .  

The a u t o c l a v e  screening  s tudy  has  provided d a t a  t h a t  show a gnnd 
c o r r e l a t i o n  between minera l  composi t ion of t h e  feed c o a l  and product  
q u a l i t y  ( s u l f u r  conten t  and v i s c o s i t y ) .  I n  o r d e r  t o  pursue t h e s e  concepts  
i n  g r e a t e r  d e t a i l ,  s e v e r a l  experiments  have been i n i t i a t e d  wi th  c o a l s  
( I l l i n o i s  No. 6 and Kentucky No. 11) i n  which t h e  minera l  conten t  has  been 
purposefu l ly  a l t e r e d .  This  was accomplished by: (1) adding pure  minera l  
c o n s t i t u e n t s  t o  t h e  feed  coa l ;  and (2) removing minera l  mat te r  by both 
chemical (ac id  e x t r a c t i o n )  and p h y s i c a l  ( f r o t h  f l o t a t i o n )  techniques .  
Prel iminary d a t a  have confirmed s e v e r a l  of t h e  t e n t a t i v e  conclus ions  
reached i n  t h e  a u t o c l a v e  screening  s tudy .  
when complete. 

SUMMARY 

These r e s u l t s  w i l l  be  documented 

Severa l  h i g h - v o l a t i l e  bi tuminous c o a l s  were h y d r o l i q u i f i e d ,  i n  a 
o n e - l i t e r  a u t o c l a v e ,  a t  a temperature  of 43OoC, i n i t i a l  (co ld)  H2 p r e s s u r e  
of 1000 p s i g  and r e s i d e n c e  time of 30 min. All experiments  w e r e  c a r r i e d  
out  i n  c r e o s o t e  o i l  as t h e  s o l v e n t ,  a t  a so1vent :coal  r a t i o  of 2 . 3 : l .  
The feed  c o a l s  ranged i n  mineral  conten t  from 21% t o  5%, and i n  s u l f u r  
conten t  from over  6% t o  under 1%. The c o a l s  had similar maceral  d i s t r i b u -  
t i o n s ,  and most were v i t r i n i t e - r i c h  (>85%). Conversions, c a l c u l a t e d  
by an a s h  ba lance  on t h e  acetone-washed r e s i d u e s ,  v a r i e d  from 62 t o  94%. 
The l i q u i d  p r o d u c t s  were assessed  i n  terms of s u l f u r  conten t  and (Brookfield) 
v i s c o s i t y .  The s u l f u r  conten ts  ranged from 0.43 t o  0.69%; t h e  v i s c o s i t i e s  
( a t  6OoC) v a r i e d  from 7 5  to  761 cps .  A good c o r r e l a t i o n  w a s  found between 
t h e  minera l  c o n t e n t  of t h e  feed c o a l  and t h e  e x t e n t  of organic  s u l f u r  
removal and product  v i s c o s i t y .  The h i g h e s t  convers ions  were found f o r  t h e  
c o a l s  having t h e  h i g h e s t  mineral  conten ts .  
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